Abstract. This paper examines the effect of iron catalyst thickness on the straightness of growth of carbon nanotubes for microelectromechanical systems fabricated using the Carbon Nanotube Templated -Microfabrication (CNT-M) process. SEM images of samples grown using various iron catalyst thicknesses show that both good growth straightness and edge definition are achieved using an iron thickness between 7 and 8 nm. Below this thickness, individual CNT's are well-aligned, but the sidewalls of CNT forests formed into posts and long walls are not always straight. Above this thickness, the CNT forest sidewalls are relatively straight, but edge definition is poor, with significantly increased sidewall roughness. CNT growth is also affected by a device's or feature's proximity to other regions of iron. By using an iron catalyst thickness appropriate for straight growth, and by adding borders of iron around features or devices, a designer can greatly improve straightness of growth for CNT-MEMS. 
Introduction
A novel process for fabricating carbon nanotube microelectromechanical systems has recently been developed. In this process, a 3-dimensional CNT framework is patterned by photolithography and filled by chemical vapor infiltration [1] [2] [3] . Using this technique, we have demonstrated operation of MEMS comb drives [2] , as well as thermal actuators and bistable mechanisms [1] . This Carbon Nanotube Templated -Microfabrication (CNT-M) process has many potential benefits that differentiate it from other MEMS fabrication processes. Figure 1 shows a device that has been made using the CNT-MEMS process and filled with silicon nitride.
2 0 0 μ m Figure 1 . A 220 µm tall CNT-MEMS device that has been filled with silicon nitride. Filling the carbon nanotubes with various materials makes the 3-dimensional framework rigid.
The CNT framework could be filled with many materials compatible with chemical vapor deposition, including some metals. The result is a composite material with CNT fibers and some other matrix material. This would allow a MEMS designer to choose a set of material properties best suited for the application. Note that in most composite materials, the fibers are used only to provide mechanical properties, such as strength, to the matrix material. In CNT-M, the nanotubes not only contribute to the electrical, thermal, and mechanical properties, but also define the shape that the matrix material will take.
Another interesting benefit of this process is that CNT MEMS can be made with very high aspect ratios, comparable to devices made by LIGA [4] . Features that are only a few microns wide can be a few hundred microns tall. In some cases, however, features with very high aspect ratios and poor lateral support, such as posts and long walls, have grown non-straight, resulting in devices with sides that are not vertical. This problem becomes more pronounced as device height increases, as seen in Figure 2 . Similarly, Figure 3 shows a comb drive and several beams grown to a height of several hundred micrometers. Thinner beams, as well as thin sections of the comb drive, have grown with non-straight sidewalls in some cases. Improving the straightness of growth would allow for even higher-aspect-ratio devices to be achievable with the CNT-M process.
CNT forests can be grown by chemical vapor deposition (CVD) [5] [6] [7] . CVD of carbon nanotubes is accomplished by catalytic decomposition of hydrocarbons, with iron, nickel, and cobalt being the most effective catalysts [8] . This research focuses on the effects of catalyst availability on CNT forests, with iron as the catalyst and ethylene as the hydrocarbon. Prior work studies the effect of pattern density on nanotube growth [9, 10] ; this work studies the effect of catalyst thickness.
Previous research has shown that catalyst thickness has several effects on carbon nanotube growth. Thicker layers of iron catalyst result in larger iron particles on which the carbon precipitates, 2 0 0 μ m Figure 2 . SEM images of devices fabricated from the same pattern. The top image shows a relatively straight device grown to 60 µm tall. The bottom image shows an extreme case of nonstraight growth when the same device is grown to 280 µm tall. Both top and bottom are grown with all parameters the same, except for growth time (and hence growth height). which results in nanotubes with more walls and higher diameters [11] [12] [13] . As catalyst thickness increases, the mechanism of growth transitions from base growth to tip growth [14] . In base growth, nanotubes grow on top of the catalyst, which adheres to the substrate. In tip growth, nanotubes grow between the catalyst particle and the substrate, suspending the catalyst particle in the nanotube forest. Additionally, using relatively thin catalyst layers has been shown to improve alignment of nanotubes within a forest [15] . One possible explanation for this is that thicker catalyst layers result in larger numbers of defects during nanotube growth, producing kinks in the tubes [16, 17] .
However, alignment of nanotubes within a forest is different from forest or sidewall straightness.
Within a given CNT forest, the sidewalls may be straight or curved, and the individual nanotubes may vary in a continuum from highly aligned to strongly intertwined. For CNT-M processing, it is desirable to find processing conditions that result in straight walls for the resulting MEMS. Alignment of individual nanotubes does not strongly affect the quality of the CNT-M structures, as long as the intertwining of nanotubes does not result in excessive wall roughness. The purposes of this research are to show the effect of iron catalyst thickness on CNT forest sidewall straightness, find an appropriate range of iron thicknesses for the CNT-M process, better understand what causes non-straight growth, and provide additional guidelines for CNT-M design.
Experimental Setup
Two sets of experiments were performed. The purposes of the first set of experiments were to observe the effect of iron catalyst thickness on CNT forest straightness, and to find a suitable range of iron thicknesses for CNT-MEMS. We examined samples with iron catalyst thicknesses of 2, 3, 4, 5, 7.5, 10, and 20 nm. After the first set of experiments, it became clear that a second set of experiments was needed to further examine the range between 7 and 11 nm. The second set of experiments used iron thicknesses of 7, 8, 9, 10, and 11 nm. Samples were made by the following process (see (e) CVD of carbon nanotubes:
• Place sample in 1 inch tube furnace and heat to 750
• C while flowing hydrogen gas (400 SCCM). The purpose of hydrogen is to reduce the iron.
• Flow 99.995% pure ethylene gas (600 SCCM) for desired growth time (typically a few minutes) for CVD of carbon nanotubes.
• At the end of the growth time, stop flow of hydrogen and ethylene, and flow argon (400 SCCM) to flush out hydrogen and ethylene during cooling.
Filling the CNT forests by chemical vapor infiltration and then releasing the devices would complete the CNT-MEMS fabrication process. However, these steps were not necessary to examine forest straightness. Hence, all images shown in this paper, with the exception of Figures 1 and 3 , show CNT forests that have not been filled with any other material.
For the first study, samples were grown to a target height of 60 µm tall. For the second study, samples were grown to a target height of 100 µm tall. One reason for varying the growth heights was to find a catalyst thickness that would work well over a range of growth heights, from tens of micrometers to over 100 micrometers. Different heights can be achieved by adjusting the growth time. There is some variability in the process, so using the same growth time does not yield exactly the same height every time. Because forest straightness depends on growth height, samples of each iron thickness were grown within 5% of the target height for comparison. For the first set of experiments, a total of 34 samples were grown, with at least three samples from each iron thickness. For the second set of experiments, a total of 12 samples were grown, with at least two from each iron thickness.
Scanning electron micrographs that show the top of each sample were used to visually compare the straightness of growth for different catalyst thicknesses. Note that visually observing the top of each sample is useful in identifying the trend for straight growth as well as the general region of straightest growth, but it does not quantify the straightness. As will be seen in the following sections, this method is sufficient for finding the general region of straightest growth and for developing an understanding for what causes nonstraight growth. The results of this study could be used in a future study that quantifies the straightness to gain better precision. Figure 5 shows SEM images that are typical of the results from the first set of experiments. Only samples within 5% of the target height are directly compared, but the results are consistent with Figure 6 . Samples from the first set of experiments that show the difference in growth between edge features that are not in near proximity to other features on all sides, and central features that are. The sample with a 7.5 nm iron layer has enough iron available on the sample to mitigate this effect.
Experimental Results
all 34 samples grown. Notice that the samples with 2, 3, 4, and 5 nm of iron are less straight than the samples with 7.5 and 10 nm of iron. The sidewalls for the growths with thin iron also tend to bend outward, away from the other lines. There is no observed difference in straightness between the 7.5 and 10 nm of iron samples. A thicker iron layer yields higher-diameter nanotubes with more walls [11, 12] . The CNTs are also less well-aligned [15] . As evidenced by the image of the 20 nm sample, the lack of CNT alignment may cause the edges of the forest to have poor definition. In this case, the lack of alignment is so severe that the forest no longer retains the original pattern, even at the substrate. This is due to patchy growth, causing the nanotubes to grow in all directions instead of forming a vertical forest. This is a problem for some MEMS, because many devices require features and gaps with a high level of precision to function properly. Because of this, there are two competing objectives that need to be met; the forests need to be straight vertically, and the edges need to be well-defined. The purpose of the second set of experiments is to observe the edge definition of samples grown using iron thicknesses that produce relatively straight forests.
In addition to these findings, the experiment yielded other interesting results. CNT forest straightness is affected by the interaction between iron thickness, feature geometry, and proximity to other features. Features that are in close proximity to other features grow straighter than those that are not. Features on the edge of a device grew differently from features in the center of a device. The effect was more pronounced with very thin layers of iron. This effect is seen in Figure 6 , which shows CNT forests all made from the same pattern. Notice that the sample grown with 2 nm of iron has a thin (5 µm) edge feature that did not grow to the same height as the rest of forest. The 4th beam in from the edge is also 5 µm wide, but reached the same height as the rest of the forest. The difference between the thin edge feature and the thin central feature is that the thin central feature has other features in close proximity on all sides. For the same reason, the more bulky portion of the forest (the wide "post" to which all of the beams are connected) grew taller than the rest of the edge. Notice also that the corner of the post is curved, indicating that the side did not grow straight. These effects are barely noticeable in the sample grown with 4 nm iron, and are not noticeable in the sample grown with 7.5 nm iron. As will be discussed later in this paper, it appears that the local availability of iron for pyrolysis has an effect on growth rate, and that iron availability is determined by both the amount of iron deposited, and the proximity of the feature to other regions of iron. Figure 7 contains a series of SEM images typical of the second set of experiments. Figure 7a shows close-up views of hole features on each sample (7, 8, 9, 10, and 11 nm of iron). As iron catalyst thickness increases from 7 to 11 nm, edge definition deteriorates. Above 9 nm of iron, the nanotubes are much more coarse, produce larger sidewall roughness, and have relatively poor edge definition. Iron thickness does not seem to have an effect on forest straightness in this region, but there appear to be other factors contributing to non-straight growth that are not yet under control. Figure 7b shows a portion of a comb-drive mechanism corresponding to each sample. These comb-drive mechanisms are 100 µm tall. At this height, there is still some non-straightness in thin features such as the comb-drive fingers. However, this non-straightness appears to be random, and not affected by iron thickness within this range. Based on these results, the ideal range of iron thickness appears to be between 7 and 8 nm, because it yields both relatively straight growth and relatively crisp edge definition. There may be other reasons to choose a different iron thickness in this range. For example, we do not yet know what iron thicknesses produce forests that are ideal for chemical vapor infiltration of various materials.
Discussion
In this section, we offer several hypotheses to explain the effect of iron availability on straightness of CNT-MEMS growth. It appears that some non-straight growth is caused by differences in growth rates across the forest. Consider a hypothetical forest made of nanotubes that were able to grow straight up without interacting with nearby nanotubes. Different growth rates across the forest would result in nanotubes achieving different heights, as shown in Figure 8a . In real CNT forests, however, van der Waals forces prevent fast growing nanotubes from growing much taller than slow growing nanotubes. For samples grown on relatively thin iron layers, the nanotubes stay well-aligned but the forests are non-straight, as shown in Figure 8b . The effect is similar to extruding metal through an asymmetric die, where unequal exit velocities cause the billet to be curved [18] . Now consider the device illustrated in Figure 9a . This device consists of two bulky regions connected by four narrow beams. Just like the edge features in Figure 6 , the four narrow beams do not grow as fast as the bulky regions. Intertwining and van der Waals interactions prevent the bulky regions from growing much taller than the beams. As a result, bulky regions are pulled inward, as illustrated in Figure 9b . Suppose that the length of the narrow beams was designed to be 200 µm long, and that the distance between bulky regions at the top of the forest is only 150 µm. The carbon nanotube beams that would have spanned a 200 µm gap are now forced to grow in a tighter space, and as a result, the beams grow outward. This effect may explain the non-straight growth shown in Figure 2 .
For samples grown on relatively thick iron layers, van der Waals forces cause nanotubes to intertwine, but the forest as a whole tends to be more straight. The higher level of intertwining has to do with defects in the crystalline nanotube structure. As mentioned previously, thicker iron layers yield higher diameter nanotubes. Higher diameter nanotubes have lower strain energies and therefore more opportunities for defects [19] . These defects cause nanotubes to bend and kink as they grow, which allows for the higher degree of intertwining. Similarly, for thinner iron layers, the higher strain energy associated with smaller diameter nanotubes prevents defects, and therefore prevents kinking. Instead, the entire forest is forced to bend as it grows.
Growth rate depends heavily on iron availability. Figure 10 shows typical growth rates of carbon nanotubes for different iron thicknesses used. For samples with less than 5 nm iron, growth rates are more sensitive to small changes in iron availability than for samples with more than 5 nm iron. For example, the growth rate for 3 nm iron is approximately 50% higher than the growth rate for 2 nm iron, while the growth rates for 7 nm and 10 nm differ by less than 10%. In other words, for thinner iron layers, depositing just a few more atoms of iron on one side of a feature than on the other could lead to very different growth rates across the feature.
Iron availability is determined by both the thickness of iron deposited during fabrication, and the proximity of a feature to other nearby regions of iron. The effect of iron thickness on CNT growth rate suggests that iron plays a role in ethylene decomposition. The ideal gas species for CNT growth are not known; however, polycyclic aromatic hydrocarbons have been proposed as essential for high quality CNT growth [20] . For thin, edge, or sparse features, the gas composition must be different from that in thick, central, or abundant features. We hypothesize that increasing iron thickness mitigates this difference because it provides more local catalyst for the decomposition of ethylene. A similar hypothesis has been proposed to explain the effects of iron pattern density on nanotube growth [9] . As suggested by Figure 6 , the reduction in growth variation may also be gained by use of iron borders placed around the outside of thin or edge features. Iron Catalyst Thickness (nm) Growth Rate (μm/s) Figure 10 . Relative growth rates of carbon nanotubes grown for five minutes. Growth rates for very thin iron layers are more sensitive to small changes in iron availability. The trend line comes from a least squares fit polynomial and is present to help guide the eye. Figure 11 . 2 TIMs, one with iron borders and one without. The iron borders are present to promote straight growth. In order to accommodate these borders, the shuttle of the TIM on the left has been extended.
Application of Iron Borders
CNT-M designers can take advantage of the fact that central features tend to grow more straight than edge features. Photolithography masks can be designed so that iron is not only where the device will be, but also in the nearby regions surrounding features that are at risk for non-straight growth. In some cases, the device may need to be redesigned to allow for this.
For example, Figure 11 shows two thermomechanical in-plane microactuators (TIMs) [21, 22] . Running a current across the thin legs of these devices causes them to heat up and expand, pushing the shuttle forward, which is toward the right in Figure 11 . The TIM on the right is the classic design used with other MEMS fabrication methods. The TIM on the left is surrounded by iron borders, so that the thin legs are more likely to grow straight. To accommodate these iron borders, the shuttle on the left had to be extended in order to still be useful as an actuator. Figure 12 shows that the iron borders do in fact improve straightness of growth. This is most apparent in the lowest leg in Figure 12 . These images are typical of all sets of legs on the TIMs. The post comparison shown in Fig. 13 also illustrates the benefits of posts. The post on the left, with a border, remained inside the border as it grew. In comparison, the post on the right, without a border, did not grow straight. This technique has been used to create the free-standing post shown in Fig.14 . For this image, the carbon nanotubes in the border region were removed manually using tweezers.
Conclusions
This paper shows the effect of iron availability on carbon nanotube forest straightness for CNT-M. The straightness of samples fabricated with different iron thicknesses were compared to find an appropriate range of iron thicknesses for fabricating straight CNT-M devices. The concept of using iron borders to improve device straightness was successfully implemented.
This research offers a hypothesis to explain this behavior. Iron availability is affected by the thickness of iron deposited during fabrication, and by the proximity of a feature to nearby iron. This iron available for pyrolysis affects the local density of the species of ethylene present during CNT growth. Therefore, thin, edge, or sparse features will grow differently than thick, central, or abundant features.
Iron catalyst thicknesses between 7 and 11 nm produce straighter forests than thicknesses below 5 nm. Within the range of 7 to 11 nm of iron, less iron will yield better edge definition. Using different thicknesses within this range may affect compatibility with the material used in chemical vapor infiltration of these forests.
In addition to controlling iron thickness, designers should include an iron border to surround the entire device when possible. This will increase iron availability for edge features and cause them to grow more like central features. When necessary, the device will need to be redesigned in order to accommodate these iron borders.
